Objective: To identify and compare clinical and neuroimaging predictors of primary lobar intracerebral hemorrhage (ICH) recurrence, assessing their relative contributions to recurrent ICH.
Intracerebral hemorrhage (ICH), although accounting for only 15% of acute strokes in the United States, 1 carries the worst prognosis of all acute cerebrovascular diseases. 2, 3 Lobar ICH location (selective involvement of the cerebral cortex and underlying white matter) is associated with greater risk for recurrence than deep ICH location [4] [5] [6] and is associated with different clinical features and risk factors. 7, 8 Nonfamilial cerebral amyloid angiopathy (CAA), caused by ␤-amyloid deposition in cerebral arteries and arterioles, is a major cause of lobar ICH but not deep ICH, as shown by autopsy investigations, 9 as well as studies linking lobar ICH with several hallmarks of CAA, such as the APOE ⑀2 and ⑀4 alleles, 5, 9, 10 asymptomatic microbleeds detected on gradient-echo MRI, 11, 12 and white matter lesions. 13 Based on recent evidence, there is some suggestion that asymptomatic CAA may be highly prevalent in the elderly.
while CAA appears to be a risk factor for warfarin-related ICH, 16 it is unknown whether the use of antiplatelet agents or warfarin in patients with CAA increases risk of ICH. Furthermore, as lobar microbleeds are a strong predictor of recurrent ICH in patients with CAA, 12 the effect of antiplatelet agents or anticoagulants on hemorrhage risk may depend on microbleed burden. In this study, we sought to identify baseline factors associated with clinically symptomatic lobar ICH recurrence and if antiplatelet agents or anticoagulants influenced recurrence rate.
METHODS Patient recruitment. Subjects were drawn
from an ongoing longitudinal cohort study of primary lobar ICH as previously described. 5 All subjects were recruited among consecutive patients age Ն55 years admitted to the Massachusetts General Hospital from July 1994 to March 2006 with lobar ICH, qualifying for a diagnosis of probable or possible CAA. Lobar ICH was defined as selective involvement of cerebral cortex and underlying white matter. All patients who survived at least 90 days postindex ICH and underwent CT scan were considered eligible for analysis. Subjects were excluded if MRI scans were unavailable for microbleed counting (64 patients); these 64 subjects did not differ from analyzed individuals in their baseline characteristics (all p values Ͼ0.10).
We also report results from a similar-sized cohort of deep ICH (defined as ICH involving the basal ganglia, thalamus, or brainstem) for comparison of recurrence rates. This comparison cohort includes 104 survivors of deep ICH, recruited using similar methods over the same time period. The limited number of recurrences in this second cohort prevented us from identifying predictors of deep ICH recurrence.
Clinical data collected and recorded at the time of index presentation included demographic information, history of hypertension, diabetes mellitus, coronary artery disease, previous symptomatic lobar ICH, or ischemic stroke.
5
Standard protocol approvals, registrations, and patient consents. This study was performed with approval of the institutional review board of the Massachusetts General Hospital. All participating subjects or legal guardians provided written informed consent for participation in this study.
CT-defined ICH volume and white matter hypodensity. All admission CT scans were reviewed by study investigators blinded to clinical and genetic data to confirm ICH location. Volume of ICH was calculated as previously described. 17 CT-defined white matter hypodensity (CT-WMH) was defined and assessed as in a prior study. 13 In brief, an experienced rater blinded to clinical and genetic data assessed the presence of white matter hypodensity in the anterior and posterior brain regions. 18 Our group has previously shown a high interrater reproducibility for this method (weighted ϭ 0.89).
13
MRI detection of lobar microbleeds. MRI with axial gradient-echo images (repetition time 750/echo time 50/5-mm to 6-mm slice thickness/1-mm interslice gap) was performed as previously described 12,13 using a 1.5-T magnet in lobar ICH survivors with available MRI scans (104 subjects). Cortical (lobar) hemorrhages were classified as microbleeds according to their size (Ͻ5 mm in diameter). All MRI analyses were performed and recorded without knowledge of clinical or genetic information. Only MRI scans obtained within 90 days from the index ICH were considered for analysis. APOE genotype. DNA was extracted from blood samples and APOE genotype was determined in lobar ICH survivors. 5 DNA samples were available from 96 of the 104 lobar ICH survivors. Subjects without DNA samples declined consent for genotyping or were not available for blood draw during their hospitalization.
Follow-up.
Patients and their caregivers were interviewed by telephone at 3 months post-ICH, 6 months post-ICH, and every 6 months thereafter. 13 Information collected in the follow-up interviews included medication use, appearance of new neurologic symptoms, recurrent lobar ICH, and death. If new neurologic symptoms, ischemic stroke, ICH, or hospital admission were reported by the subject or caregiver, the relevant medical records and radiographic images were reviewed by a study investigator blinded to other clinical data to assess the presence or absence of recurrent ICH. Events qualifying for censoring of subjects' data included clinically symptomatic ICH confirmed by neuroimaging, death, or follow-up period reaching the predetermined deadline for prospective ascertainment (January 1, 2009).
The use of aspirin, warfarin, or statins was specifically questioned. Dates of initiation and discontinuation for these pharmacologic agents were determined based on subject interview and review of medical records. In 12 subjects, the exact date that aspirin or anticoagulant therapy was instituted or discontinued could not be recalled or determined from the medical records; for these cases, the date was assigned as the midpoint between successive telephone interviews.
Sixteen survivors of lobar ICH were exposed to aspirin at some point during the study period. Indications for antiplatelet therapy were ischemic heart disease (n ϭ 7), atrial fibrillation (n ϭ 3), prior ischemic stroke or TIA (n ϭ 2), artificial heart valve (n ϭ 2), and unknown (n ϭ 2). Two of the 16 subjects were on aspirin at discharge from the index ICH and the remainder were started at a later date (median time from ICH to initiation 7.5 months, interquartile range 4.2-16.2). Median duration of aspirin exposure was 9.3 months (interquartile range 5.1-24.5). Aspirin dosage for exposed subjects ranged from 81 to 325 mg daily. Introduction of aspirin dosage as a covariate did not alter results (data not shown).
Of the 11 subjects in the cohort exposed to warfarin, 9 were on anticoagulation at discharge from index ICH and the remaining 2 started within 30 days of discharge. Median duration of warfarin exposure was 4.9 months (interquartile range 2.6 -29.2). Indications for anticoagulation (3 patients had multiple indications) included atrial fibrillation (n ϭ 8), valve replacement surgery (n ϭ 2), pulmonary embolism (n ϭ 1), congestive heart failure (n ϭ 1), cryoglobulinemia (n ϭ 1), and unknown (n ϭ 1).
Statistical methods. Age at index ICH was analyzed as both a continuous variable and a dichotomous variable categorized by the median age of the cohort (Ͻ75 vs Ն75). MRI lobar microbleeds counts were categorized using cutpoints (0, 1, 2-4, or Ն5) chosen to approximately divide the subjects into quartiles. APOE genotype was analyzed as a categorical variable according to the presence or absence of the ⑀2 or ⑀4 alleles with the ⑀3/⑀3 genotype serving as a reference. 13 Categorical variables were compared using Fisher exact test and continuous variables using the Mann-Whitney rank-sum or unpaired t test as appropriate. We determined univariate predictors of ICH recurrence using the Kaplan-Meier plots with significance testing by the log-rank test. Cox regression analysis was performed to calculate univariate hazard ratio (HR) as a measure of the effect size. For individuals experiencing multiple recurrent lobar ICH during follow-up, data were censored at time of first recurrence.
To determine the influence of aspirin and warfarin on ICH recurrence, we used Cox regression analysis with exposure to these drugs as time-varying covariates. The proportional hazard assumption was tested using graphical checks and Schoenfeld residuals-based tests, while model fit was assessed via Cox-Snell residuals and computing Harrell's C statistic. 19 Candidate covariates included all variables showing a trend in association with recurrent lobar ICH in univariate analysis ( p Ͻ 0.20) and potential predictors of recurrent lobar ICH based on prior studies (APOE genotype, previous symptomatic hemorrhage before index ICH, and number of baseline MRI microbleeds). 5, 12 Backward elimination of nonsignificant variables ( p Ͼ 0.05) was subsequently used to generate a minimal model. Potential confounders and predictors were then reincorporated into the resulting minimal model using change-in-effect criteria: all remaining variables were individually added and retained if they improved the overall model fit (as assessed by Harrell's C) by Ͼ10%. Multicollinearity was assessed by computing variance inflation factors (VIF) for all predictors and removing all variables with VIF Ͼ5.
To assess the presence of confounding by indication, we modeled the influence of all predictors of recurrent lobar ICH on exposure to antiplatelet/warfarin (via a logistic regression analysis) or duration of exposure (via ordinal logistic regression of quartiles of duration of exposure in days, because of the nonnormal distribution of data on duration of exposure).
All analyses were performed with R software v 2.8.1 (The R Foundation for Statistical Computing). All significance tests were 2-tailed.
RESULTS
Baseline characteristics of the lobar ICH cohort according to antiplatelet use are detailed in table 1. All patients with lobar ICH fulfilled the diagnosis of probable or possible CAA by the Boston criteria. 20 During a median follow-up time of 34.3 months (interquartile range 15.1-57.6, total time at risk 353.2 years), we observed 29 recurrent lobar ICH. Recurrent hemorrhage was more common in survivors of lobar ICH as compared to deep ICH survivors in the comparison cohort (cumulative 2-year recurrence rate 15.7% vs 3.4%, p ϭ 0.011) and was consistent with a previous study.
Lobar microbleed counts were associated with both the presence of CT-WMH ( p ϭ 0.015) and posterior CT-WMH ( p ϭ 0.0001). No association was identified between anterior CT-WMH and number of microbleeds ( p ϭ 0.17).
In univariate analysis, significant predictors of lobar ICH recurrence included previous hemorrhage before the index event (HR 9.8; 95% CI 3.31-28.93; p Ͻ 0.0001), presence of CT-WMH (HR 3.7; 95% CI 1.27-11.1; p ϭ 0.01), and the presence of posterior CT-WMH (HR 5.7; 95% CI 2.16 -15.3; p ϭ 0.001), presence of 2 to 4 MRI-detected microbleeds at baseline (HR 3.27 compared to 0 microbleeds; 95% CI 1.14 -1.39; p ϭ 0.028), or presence of Ն5 microbleeds at baseline (HR 5.25 compared to 0 microbleeds; 95% CI 2.00 -13.8; p ϭ 0.001).
The use of aspirin after ICH was not associated with lobar ICH recurrence in univariate analyses (HR 1.72; p ϭ 0.2). There was, however, a nonsignificant trend for patients with higher numbers of microbleeds to be less likely to receive aspirin (table  1) . No baseline variable was associated with exposure to antithrombotic therapy ( p Ͻ 0.05).
A multivariable Cox regression model was constructed to include all variables with a univariate p value Ͻ0.2 or previously suspected to influence the risk of hemorrhage recurrence (APOE genotype, war- To explore whether the risk of aspirin varied according to the number of baseline microbleeds, the antithrombotic drug-associated HR for recurrence in each microbleed category was determined (table 3) . There was an aspirin-associated increase in HR for lobar ICH recurrence in those with 0, 1, 2-4, or Ն5 microbleeds (table 3) . DISCUSSION The major finding from this prospective cohort study is that lobar ICH is associated with a high rate of recurrent hemorrhage and that severity of white matter disease and cerebral microbleeds independently increase this risk. The use of antithrombotic agents in CAA after lobar ICH may also increase this risk when the analysis is controlled for baseline microbleed count.
Although the association between aspirin exposure, microbleeds, and symptomatic ICH was previously reported in case-control studies, 21, 22 prospective data on the influence of aspirin on lobar ICH recurrence have been lacking. This analysis of prospectively followed patients with CAA associates aspirin use with recurrent hemorrhage when adjusting for baseline predictors of recurrent ICH.
Several mechanisms might be implicated in the effect of aspirin exposure in patients with CAA. Recently published data on a cross-sectional population study of microbleeds prevalence suggest that exposure to aspirin may be associated with increased prevalence of lobar microbleeds, one of the hallmarks of CAA. 23 Antiplatelet agents might therefore increase the risk of recurrent ICH by substantially increasing the number of microbleeds at risk for conversion into clinically manifest macrobleeds. Antiplatelet therapy might also act on preexisting and new spontaneous microbleeds by increasing the risk of evolution into clinically symptomatic ICH.
Although our analysis was not adequately powered to explore this mechanism in regard to warfarin, anticoagulation therapy might also influence ICH recurrence based on microbleed burden. Limited evidence supporting this hypothesis has been recently provided in a small case-control series. 24 Additional Abbreviations: CAA ϭ cerebral amyloid angiopathy; CI ϭ confidence interval; CT-WMH ϭ CT-defined white matter hypodensity; HR ϭ hazard ratio; ICH ϭ intracerebral hemorrhage. studies with larger numbers of ICH survivors taking warfarin will be needed to better determine the risk of anticoagulation in ICH survivors. We identified the presence of CT-WMH in posterior brain regions as a predictor of lobar ICH recurrence. Although previous evidence suggests that the presence of CT-WMH correlates with lobar ICH recurrence, 13 in that study we did not examine the location of CT-WMH. Here we extend those results by showing that the location as well as extent of white matter damage might be relevant in predicting ICH recurrence in CAA. These results contrast somewhat with a voxel-wise MRI-based analysis of white matter lesions, which found no major differences in location between patients with CAA, AD, and normal aging. 25 Posterior CT-WMH may be a stronger marker of underlying CAA than overall WMH burden. Consistent with this hypothesis, the correlation of number of microbleeds with posterior CT-WMH was stronger than with overall CT-WMH. Microbleeds in patients with CAA have been shown to have a posterior predominance. 26 Further studies are required to determine the relationship between CT-WMH and MRI-based measures to better determine whether white matter damage may also have a posterior predominance in patients with CAA.
We did not identify APOE alleles ⑀2 and ⑀4 as risk factors for lobar ICH recurrence, but we observed mild multicollinearity with other predictors in our Cox model. This can be explained by the association of APOE alleles with presence of lobar microbleeds 14, 15 and white matter disease. 27 The extremely high predictive power of these imaging variables is likely to obscure the relatively weaker effects of correlated APOE alleles.
Our results have potential implications for patients with CAA at high risk for ischemic cardiovascular and cerebrovascular diseases. Previous studies have suggested that antiplatelet therapy might be used in selected ICH survivors without a substantial increase in the risk of rebleeding. 6, 28 These studies, however, were not limited to patients with CAA and complete data regarding the cerebral microbleeds were not available. Our results suggest that there may be an increased risk of recurrent ICH in patients with CAA treated with aspirin. However, baseline predictors of ICH recurrence (microbleeds in particular) likely play an important role in the overall risk of hemorrhage recurrence in these patients. As data continue to accumulate on predicting future risk of ICH, clinicians should cautiously weigh the risks and benefits of antiplatelet treatment in individuals diagnosed with CAA.
This study has limitations. Although we were able to develop a powerful predictive model for lobar ICH recurrence (Harrell's C ϭ 0.84 for lobar ICH), predictive performance evaluation in a separate cohort is required. In this study, all subjects were exposed to aspirin as the antiplatelet agent. The effect of nonaspirin antiplatelet agents or the combination of such agents cannot be assessed using these results. Although our results could suggest that the risk of recurrent ICH with aspirin use in CAA is moderated by microbleed burden, we had insufficient statistical power to answer this question definitively by testing for an interaction. Patients with CAA who did not undergo MRI were excluded from the current study. However, as we did not find any difference in baseline characteristics between subjects in the study and excluded subjects, it is unlikely to introduce significant bias. Finally, aspirin use was not randomly assigned, but rather resulted from each individual patient and physician decisions. Indeed, the effect of antiplatelet therapy on ICH recurrence became apparent only when controlling for some of the baseline factors that may have influenced this decision. 
